In the present work, the development and characterization of new anion exchange membranes (AEM) based on a methylated polybenzimidazole (mPBIOO) and their application in direct methanol fuel cell (DMFC) is described. For the preparation of methylated PBIOO (mPBIOO), a gentle methylation method was developed by using dimethyl carbonate (DMC) and 1,4-diazabicyclo[2.2.2]octane (DABCO). The synthesis of covalent cross-linked AEMs was achieved using the mPBIOO, sulfinated polysulfone (PPSU-SO 2 Li), DABCO and diiodobutane (DIB). The AEMs had IECs of more than 2.0 meq g -1 , which indicates a high concentration of anion-exchange groups. Depending on the cross-linking degree, the methanol gravimetric uptake reached a maximum of 43%(by mass) and all AEMs showed an excellent ex situ alkaline stability. After 10 days in aqueous KOH (1 M) at 90°C the IECs, ionic conductivities, and mechanical stabilities did not show a significant decrease. DMFC measurements show a performance improvement of a factor of three when the membranes were solvent (dimethylacetamide) extracted before integration into the fuel cell. With the using of non-Pt catalysts, a maximum power density of 120 mW cm -2 was achieved.
Introduction
The use of anion-exchange membranes (AEM) in electrochemical systems is a growing research field. They are routinely applied in electrodialysis, desalination, waste water treatment, and microfiltration systems [1] [2] [3] [4] . In the last decade a new focus on the application of AEMs in alkaline fuel cells has been established. A primary advantage with the use of generic alkaline fuel cells (AFCs) is the possibility of using non precious (platinum-free) metal catalysts [5] [6] [7] [8] [9] . There are, of course, disadvantages with the use of AFCs, such as the formation of carbonate species (CO 3 2-and HCO 3 -) in the fuel cell, which risk the formation of precipitates in the electrodes [10] [11] [12] [13] . It is difficult to compare the performance of AFCs containing AEMs (AEMFC) to the acidic analogue proton-exchange membrane fuel cells (PEMFC). One reason for this is that the equivalent conductivity of a OH -ion is roughly half that of a H + ion [14] . Therefore, the conductivities of AEMs can be significantly lower than those of proton-exchange membranes (PEM) at equivalent ion-exchange capacities and this is a major reason why the performances of AEMFCs are lower than PEMFCs.
During the last decade, a lot of different classes of AEMs have been studied using polymers based on poly(2,6-dimethyl-1,2-phenylenoxide) (PPO), chloromethylstyrene, divinylbenzene, poly(ethylene-co-tetrafluoroethylene)-g-poly(vinylbenzylchloride), and poly(vinylalcohol)-poly(1,3-diethyl-1-vinylimidazolium) bromide [15] [16] [17] [18] [19] [20] [21] [22] . To introduce the anion-exchange groups (e.g. quaternary trialkylammonium groups) the precursor polymers or membranes are reacted with different amines such a trimethylamine, triethylamine or
There are fewer studies, however, which concentrate on AEMs where the positive ions are part of the main chain of the polymer system being used. A suitable polymer for such a system type is polybenzimidazole (PBI). It is known from the PEMFC research that PBI has extraordinary properties (high thermal, chemical and mechanical stability) and so this suggests that PBI should be also applicable for use in AEMFCs. In this respect, PBI has been doped with KOH and applied in this form to fuel cells [31] [32] [33] . Due to the risk of losing KOH content via the washing-out of KOH during fuel cell operation (where H 2 O is electrogenerated at the anode), a subsequent approach was developed where the imidazole group of the PBI chains is alkylated, which yielded positively charged alkylimidazolium groups in the PBI backbone. One of the first of such studies was published by Hu et al. who synthesized methylated PBI (mPBI) in 1993 [34] . The intention of this prior work was not the application of the new material in fuel cells but the fundamental investigation of the change of properties of the methylated PBI compared to pure PBI. With a focus on application in PEMFCs, Pu et al. investigated methylated and ethylated PBI [35, 36] . The usage of alkylated PBI for development of anion-exchange materials was first mentioned (independently) in 2011 by
Henkensmeier et al. and Holdcroft et al. [37, 38] . The methylated PBI synthesized by these two research groups were different in chemical structure. Membranes made of pure mPBI are mechanically stable and extremely flexible. However it was found that casted mPBI films are not hydrolytically stable and broke into pieces after three weeks of storage in water at 60°C.
Holdcroft et al. developed ionically cross-linked blend membranes by mixing dimethylated PBI with unmodified (non-methylated) PBI. Using this method, it was possible to stabilize the membranes over 13 days in aqueous KOH (2 M) at 60°C [39] . Henkensmeier et al. attempted to stabilize the films using covalent cross-linking with α,α'-dibromo-p-xylene. To achieve higher chemical stabilities, a more recent approach was to integrate bulky groups at neighboring sites to the methylated imidazolium functionalities (the intention is to hinder the attack of the dialkylimidazolium group by the nucleophilic OH -ions) [39, 40] . Henkensmeier et al. reported that mPBI with ether bridges were stable at room temperature in aqueous KOH
(1 M) for over five days; this is compared to mPBI without ether bridges, which degraded at room temperature in aqueous KOH (0.5 M) [40] .
In this study, we present the synthesis and characterization of a methylated polybenzimidazole (designated mPBIOO), which is synthesized from an ether-link-containing PBI (PBIOO) starting polymer. mPBIOO was used to develop a novel type of mechanically and chemically stable AEM for application in alkaline DMFCs. Studies to date have all methylated PBI precursors using the highly toxic alkylation agent methyl iodide [34] [35] [36] [37] [38] . In this study a more facile and "green chemistry" PBI alkylation method is presented, which involves the non-toxic alkylation reagent dimethylcarbonate along with DABCO as the alkylation catalyst (see Figure 1 ). This work follows the studies of Shieh et al. [41] [42] [43] in which low-molecular benzimidazoles were alkylated with the DMC/DABCO reaction system.
Our study successfully transferred this reaction to high molecular weight PBI systems. After the synthesis of mPBIOO, this polymer was then used to synthesize novel blend-type AEMs via mixing with sulfinated polysulfone (PPSU-SO 2 Li, previously developed in the Stuttgart group for use as a covalent cross-linking polymer for acidic PEM blend membranes [44, 45] ), diiodobutane (DIB), and DABCO (the latter has also recently been used for the preparation of AEM based on brominated poly(phenylene oxide) (PPO), DABCO and DIB [27] ). In the novel blend membranes, the use of PPSU-SO 2 Li leads to good mechanical properties and a macrohomogeneous morphology when the AEMs are formed via reaction with mPBIOO, DABCO and diiodobutane (DIB). It is important to note that transparent and mechanically stable AEM were only obtained when all four components (mPBIOO, PPSU-SO 2 Li, DIB and DABCO) were mixed: the mixing of only three components yielded extremely brittle and morphologically macro-inhomogeneous membranes. Based on these observations, it is concluded that sulfinated-PPSU takes part in the cross-linking/quaternization reaction (preliminary work has shown that sulfinated-PPSU reacts with DIB with formation of covalent networks built up via sulfinate-S alkylation [46] ). Figure 2 summarizes the possible reactions which can take place on mixing of mPBIOO, PPSU-SO 2 Li, DIB, and DABCO.
The ion exchange capacities (IEC), ion conductivities, and methanol uptakes of the resulting novel covalently cross-linked AEMs were investigated. The alkaline stabilities of the AEMs were also evaluated since this is a critically important property related to the use of AEM in AEMFCs. The OH -ion is a strong nucleophile and can therefore degrade the (positively charged) anion-exchange (facile leaving) groups, which would result in a significant loss of conductivity [30] . This study also shows that the application of the AEMs in an alkaline DMFC yields good (beginning-of-life) performances.
Experimental

Materials
All chemicals were used as received without any further purification steps. PBIOO was supplied by Fumatech (GmbH sPPSU Radel R
The synthesis of monosulfinated polysulfone (PPSU) was described in earlier work [44] .
Radel R ® PPSU (20.0 g, 49.9 mmol) was dissolved in 1000 cm 3 of anhydrous THF under an Ar atmosphere. n-Butyllithium (n-BuLi) was slowly added after the resulting polymer solution was cooled down to -65°C in a Dewar vessel. The n-BuLi (2.5 M in hexane) was initially added until a weak red/orange solution coloration was observed (indicates the beginning of the deprotonation of the polymer). n-BuLi (12.5 ml, 49.9 mmol, 10 M) was then added for a stoichiometric reaction. After 90 min of stirring SO 2 gas was introduced via a gas inlet. During this process, the solution changed from red/orange to pale yellow and after 5 min the sulfonation reaction was finished. 
Membrane Preparation
The membranes were composed of 70wt% mPBIOO, 30wt% PPSU-SO 2 all membranes were soaked in aqueous KOH (1 M) for 24 h at 50°C and washed several times at room temperature with millipore water (18 MΩ). The films were stored in millipore water.
Polymer and Membrane Characterization
Structure Analysis
NMR spectra were collected on a Bruker Avance 400 spectrometer to characterize the structure and calculate how much hydrogen groups could be substituted by a methylgroup in mPBIOO and how much sulfinate groups could be integrated in PPSU.
Molecular weight determination via Size exclusion chromatography (GPC)
The molecular weight distribution (MWD) of PBIOO and mPBIOO was measured by gel permeation chromatography (GPC)/size exclusion chromatography (SEC), carried out with an Agilent Technologies GPC system (Series 1200) using a refractive index detector (Shodex RI71). The GPC system was calibrated with polystyrene. For the GPC analysis, 0.2 wt% solutions of the polymers in DMAc with 5wt% Lithiumbromid (LiBr) were prepared. The molar mass distribution was measured with a flowrate of 1 ml/min at 50 °C.
Cross-linking degree (solvent extraction)
To determine the cross-linking degree (gel content) of the AEMs, an extraction process was where CD was the cross-linking degree/gel content, w b was the weight before extraction and w a was the weight after extraction.
Ion Exchange Capacity (IEC)
To measure the IEC (meq g -1 ) of an AEM sample a back-titration method was used. 
Conductivity
The specific resistances of the AEMs were determined via impedance spectroscopy using a where σ was the ionic conductivity (Cl -), r sp is the resistivity, d was the thickness of the hydrated membrane, R was the determined ohmic resistance (cell ccorrected as detailed above), and A was the area of the membrane samples.
Methanol-water Uptake
The methanol-water (MU) uptakes of the extracted membrane samples were determined after equilibration for 24 h in aqueous methanol (4 M) at defined temperatures. The weight of the "wet" and dry membranes was measured and the MU was calculated using Equation 4:
where w wet was the weight of the "wet" membrane and w dry was weight of the dry membrane.
Alkaline Stability
Pieces of the AEM were aged in aqueous KOH (1 M) at 90°C for increasing time intervals.
The solutions were cooled down to room temperature and the aged membranes were washed several times with bi-distilled water. After washing, the IEC total was measured for each aged sample (as described above) and the membranes were dried in the Cl -form. Subsequently the membrane samples were soaked in aqueous sodium chloride (1 M) solution for impedance analysis and determination of conductivities. With the spraying technique, previously described by Varcoe et al. [19, 47] , Pt black as cathode (2 mg cm -2 ) and PtRu black (4 mg cm -2 ) as anode were coated onto the electrode surfaces. Humidified O 2 at a flow rate of 200 cm 3 min -1 (and a dew point = 45°C) was used at the cathode. An Arbin fuel cell test station (FCTS) was used for the testing.
To optimize the DMFC performance of the membranes, and to reduce cost, the fuel cell lab of ZSW institute (Ulm) developed membrane electrode assemblies (MEA) with platinum-free electrodes. The anode consisted of a gas diffusion electrode (GDE) containing a supported Pd catalyst (6% Pd/CeO 2 /C which can be recalculated into 1 mg metal loading/cm 2 , product number: 3020, Acta 
Results and Discussion
Synthesis of mPBIOO
To introduce (cationic) anion-exchange groups not only onto the side chains but also into the backbone, a diether type polybenzimidazole (PBIOO) was chosen as the base polymer for modification. One of the nitrogen's of the imidazole groups was methylated (see Figure 1 ).
Other research groups have used the strongly toxic methylation agent methyl iodide (MeI) for the alkylation of imidazole groups (to form anion-exchange groups) [34] [35] [36] [37] [38] . It was the intention of this study to substitute MeI with a non-toxic methylation reagent system. A procedure for the alkylation of low-molecular benzimidazoles [41] [42] [43] was found by Shieh et al., which used a non-toxic methylation mixture composed of DMC along with DABCO as a catalyst. In the present study, we adapted the method of Shieh et al. to methylate high molecular weight engineering polymer PBIOO for the first time. Figure 3 presents the 1 H-NMR spectra of mPBIOO. Two sharp singlets at δ = 4.0 ppm were observed and these were assigned to the methyl groups of mPBIOO. In this study, the methylation degree of the mPBIOO was of 51% (calculated from the NMR data).
In Table 1 and Figure 4 shows the molecular mass of PBIOO and mPBIOO measured by GPC. The number average molecular weight of mPBIOO decreased in comparison with the educt PBIOO, while the weight average molecular weight increases. The increase of the PDI can be explained by the formation of high molecular weight polymer. Figure 4 depicted the molecular weight distribution. It can be seen that the intensity of the mPBIOO signal decreases compared to the PBIOO signal. Moreover the mPBIOO signal becomes broader because of the higher share of the high molecular weight. Moreover, it was also not possible to obtain homogeneous and transparent membranes using alternative mass ratios of the blend components (rather than those mentioned in the experimental section). Hence, to obtain AEMs with different degrees of cross-linking, the solvent evaporation temperature used during membrane formation was varied. Table 2 
Membrane preparation and cross-linking degree
Ion Exchange Capacity and Conductivities
Methanol Uptake
Since the intention is to use the novel AEMs in alkaline direct methanol fuel cells, the methanol/water uptake behavior of the membrane was tested using an aqueous methanol (4 M) solution [similar to that used in the alkaline DMFCs]. (reduced methanol crossover). Cross-linking degree was observed to be more critical that temperature: only small increases in MU were observed when the temperature was raised.
Assessment of Alkaline Stability
AEMs which are to be used in DMFCs that are fed with KOH contents in the aqueous methanol anode fuel supply must be stable to high pH environments. Degradation of AEMs in alkaline form (in alkaline media) is typically ex situ assessed by a decrease in ion conductivity or IEC with ageing time (submerged in alkaline aqueous solutions): the loss of IEC and conductivity stems from the loss of anion-exchange groups via the numerous degradation reactions as described in a review by Varcoe et al. [48] . cross-linking initially showed an increase in conductivity on ageing time with a recovery of the initial conductivity level at 10 d ageing. We hypothesize that the initial rise in conductivity was due to the degradation of non-ionic components of the blend membrane during the immersion in aqueous KOH solution. The loss of non-ionic components can lead to an enlargement of the ionic transport channels, which leads to higher ion conductivities.
Again, the degradation appears to accelerate after ageing time of > 7 d. The mechanical stabilities of the cross-linked AEMs remained constant with ageing. In other published work from our group (different polymer systems made of brominated poly(2,6-dimethyl-1,2-phenylenoxide), the IEC values and conductivities were very stable but the materials started to get brittle on ageing in aqueous alkali [27] .
Additionally to this series of experiments, a membrane sample with gel content of 68% was further immersed for 59 d in aqueous KOH (1 M) at 90°C. The film was still mechanical stable after this longer-term ageing process and an experimental IEC value of 2.3 meq g -1 and an ion conductivity of 1.4 mS cm -1 was obtained. This indicates an excellent stability to aqueous alkali for this AEM. Holdcroft et al. also presented a blend membrane which is stable under alkaline conditions (room temperature, aqueous KOH (6 M), 3 month), but the IEC value was initially lower (1.5 meq g -1 ) than for the AEMs presented in this study.
Holdcroft et al.'s membrane also had a high water uptake (119%) [39, 49] . A lower water uptake leads to less swelling and therefore to a better in situ mechanical stability when applied in fuel cells.
DMFC application
The first DMFC measurements were made in a fuel cell with an active area of 25 cm 2 with a cell temperature of 50°C (Figure 8 ). The beginning-of-life V/I curves (and associated power density) of a 4-compound-membrane before and after extraction are compared. In this specific case the covalent cross-linking degree/gel content was 45% (IEC = 2.4 meq g -1 after extraction). A significant performance increase was detected for the extracted membrane. This improvement was not foreseen as there was no significant difference between the ion conductivity measured before and after the extraction procedure (2.5 and 2.4 mS cm -1 respectively). The removal of non-covalently bound components in the membrane is the probable cause of this strong increase in fuel cell performance. A peak power density of 5.1 mW cm -2 was obtained for the extracted membrane in contrast to the non-extracted membrane (1.4 mW cm -2 ). Therefore, the extraction of this specific AEM led to an improvement in power density by a factor of three. Figure 9 presents the DMFC performance of a 4-compound-membrane which was operated in an optimized fuel cell configuration with a non-Pt-containing MEA. This alkaline DMFC was operated at a higher temperature of 80°C and with higher fuel component concentrations. With the change of these parameters, the maximum power density reached almost 120 mW cm -2 , which is among the best results obtained for an AEM-based DMFC. In our previous study, dealing with quaternized brominated-PPO membranes (BrPPO), a peak power output of 132 mW cm -2 was achieved under the same conditions and with the same catalysts [27] . However, the BrPPO AEMs were not as stable under alkaline conditions compared to the novel 4-component AEMs presented in this work.
Conclusion
We developed a facile method for methylation of high molecular weight ether-containing PBI after this time, the AEM properties remained stable.
Samples of select AEMs were tested in alkaline DMFC set-ups. The DMFC performance increased using an AEM that have been treated with the solvent extraction
procedure. An alkaline AEM-MEA was fabricated using non-Pt Acta catalysts. This MEA yielded a maximum power density of 120 mW cm -2 in a AEM-DMFC (one of the highest values obtained to date for an AEM-DMFC containing non-Pt catalysts).
Further improvement of the DMFC performance could be achieved by optimizing the catalysts or the operating parameters. This will be done in future work. Furthermore membranes with other diamines like TMHDA instead of DABCO will be tested to compare the alkaline stabilities and the DMFC performance. Continuing work will be also done for the optimization of the methylation reaction to decreases the reaction time and to increase the substitution degree.
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